The bacterial cell wall maintains cell shape and protects against bursting by the 23 turgor. A major constituent of the cell wall is peptidoglycan (PG), which is 24 continuously modified to allow cell growth and differentiation through the concerted 25 activity of biosynthetic and hydrolytic enzymes. Streptomycetes are Gram-positive 26 bacteria with a complex multicellular life style alternating between mycelial growth 27 and the formation of reproductive spores. This involves cell-wall remodeling at apical 28 sites of the hyphae during cell elongation and autolytic degradation of the vegetative 29 mycelium during the onset of development and antibiotic production. Here, we show 30 that there are distinct differences in the cross-linking and maturation of the PG 31 between exponentially growing vegetative hyphae and the aerial hyphae that 32 undergo sporulation. LC-MS/MS analysis identified over 80 different muropeptides, 33 revealing that major PG hydrolysis takes place over the course of mycelial growth. 34 Half of the dimers lack one of the disaccharide units in transition-phase cells, most 35 likely due to autolytic activity. De-acetylation of MurNAc to MurN was particularly 36 pronounced in spores, suggesting that MurN plays a role in spore development. 37 Taken together, our work highlights dynamic and growth phase-dependent 38 construction and remodeling of PG in Streptomyces. 39 40 IMPORTANCE 41 Streptomycetes are bacteria with a complex lifestyle, which are model organisms for 42 bacterial multicellularity. From a single spore a large multigenomic, multicellular 43 mycelium is formed, which differentiates to form spores. Programmed cell death is an 44 important event during the onset of morphological differentiation. In this work we 45 3 provide new insights into the changes in the peptidoglycan architecture over time, 46 highlighting changes over the course of development and between growing mycelia 47 56 Peptidoglycan (PG) is a major component of the bacterial cell wall. It forms a physical 57
and spores. This revealed dynamic changes in the peptidoglycan when the mycelia 48 age, showing extensive PG hydrolysis and in particular an increase in the proportion 49 of 3-3-cross-links. Additionally, we identified a muropeptide that is highly abundant 50 specifically in spores, which may relate to dormancy and germination. 
INTRODUCTION
eventually differentiate into chains of spores, a process whereby many spores are 81 formed almost simultaneously, requiring highly complex coordination of nucleoid 82 segregation and condensation and multiple cell division (22, 36, 41) . Streptomycetes 83 have an unusually complex cytoskeleton, which plays a role in polar growth and cell-84 wall stability (6, 19) . 85 The Streptomyces genome encodes a large number of cell wall-modifying 86 enzymes, such as cell wall hydrolases (autolysins), carboxypeptidases and penicillin-87 binding proteins (PBPs), a complexity that suggests strong heterogeneity of their PG 88 (15, 45) . Several concepts that were originally regarded as specific to eukaryotes 89 also occur in bacteria, such as multicellularity (8, 31, 58) , and programmed cell death 90 (18, 51) . Programmed cell death (PCD) likely plays a major role in the onset of 91 morphological development, required to lyse part of the vegetative mycelium to 92 provide the nutrients for the aerial hyphae (34, 38) . PCD and cell-wall recycling are 93 linked to antibiotic production in Streptomyces (33, 62) . 94 All disaccharide peptide subunits (muropeptides) in the PG are variations on 95 the basic building block present in lipid II, which in Streptomyces typically consists of Spores were harvested from SFM agar plates and filtered to exclude larger mycelial 114 structures, all samples were taken in triplicate. 115 To allow analyzing a large number of samples simultaneously and in a reasonable 116 time frame, we adapted a method for rapid PG purification (25) for S. coelicolor. For 117 this, crude cell-wall material was isolated by boiling cells in 0.25% SDS and 118 secondary cell wall polymers such as teichoic acids were removed by HCl. (see 119 Materials and Methods section for details). As a control for the validity of the method, 120 it was compared to a more elaborate method which is more routinely used (4), 121 whereby S. coelicolor mycelia were treated with 5% boiling SDS and subsequently 122 treated with hydrofluoric acid (HF) to remove teichoic acids. Comparison of the two 123 methods revealed comparable outcomes between the two methods in peak detection 124 (Table S3 ). Therefore, we proceeded with the method using 0.25%SDS and HCl.
125
The isolated PG was digested with mutanolysin (13, 25) and the muropeptide 126 composition was analyzed by liquid chromatography linked to mass spectrometry 127 (LC-MS). Every sample was analyzed three times and every sample in this dataset is 128 run in the same sequence, to decrease possible deviations in retention time between 129 the samples. Peaks were identified in the m/z range from 500-3000 Da, whereby 130 different m/z in co-eluting peaks were further characterized by MS/MS. The eluted 131 m/z values were compared to a dataset of theoretical masses of predicted 132 muropeptides. Table 1 shows a summary of the monomers and dimers detected; the 133 full datasets are given in Tables S1 and S2. We identified several modifications, 134 including the amidation of D-iGlu to D-iGln at position 2 of the stem peptide, SsgA show an increase in the number of germ tubes per spore (42), with on average 228 three germ tubes emerging from a single spore (instead of the two in wild-type spores 229 and significantly less than that in ssgA mutants). It is yet unclear how future sites of 230 branching in the hyphae or germination in the spores are marked. However, even 231 after very long storage of spores, germination still occurs at the spore 'poles', 232 suggesting physical marks to the PG, such as rare modifications. Yet, in our analysis, 233 we did not find rare muropeptide moieties such as muramic -lactam, which is found 234 in the spore-coat of B. subtilis (49). The only major difference was the relatively high 235 amount of MurN-Tri in the spore PG (see above). It will be interesting to see why this 236 moiety is overrepresented in the spore PG. 
244
An interesting feature of these two mechanisms is that 3-4 cross-links can only be 245 formed when a pentapeptide is present to display the D-Ala[5] donor, whereas 3-3 246 cross-links can be formed with a tetrapeptide as a donor strand. The ability to form 3-247 3 cross-links coincides with the ability to cross-link tetrapeptides instead of 248 pentapeptides. We suggest that 3-3 cross-links could be essential to remodel the 249 spore wall, using currently available muropeptides contrary to newly constructed 250 pentapeptides (29, 54, 55) . Cells were lyophilized for a biomass measurement, 10 mg biomass was directly used 310 for PG isolation. PG was isolated according to (25), using 2 mL screw-cap tubes for 311 the entire isolation. Biomass was first boiled in 0.25% SDS in 0.1 M Tris/HCl pH 6.8, 312 thoroughly washed, sonicated, treated with DNase, RNase and trypsin, inactivation of 313 proteins by boiling and washing with water. Wall teichoic acids were removed with 1 314 M HCl. PG was digested with mutanolysin and lysozyme (1). Muropeptides were 315 reduced with sodium borohydride and the pH was adjusted to 3.5-4.5 with phosphoric 316 acid.
317
To validate the method, we compared it to the method described previously 318 (4). For this, S. coelicolor mycelia were grown in 1 L NMM+ media for 24 h. After 319 washing of the mycelia, pellets were resuspended in boiling 5% (w/v) SDS and stirred 320 vigorously for 20 min. Instead of sonicating the cells, they were disrupted using glass 321 beads, followed by removal of the teichoic acids with an HF treatment at 4°C as was set to 0.5 ml/min. The binary gradient program consisted of 1 min 98% A, 12 min 333 from 98% A to 85% A, and 2 min from 85% A to 0% A. The column was then flushed 334 for 3 min with 100% B, the gradient was then set to 98% A and the column was 335 equilibrated for 8 min. The column temperature was set to 30°C and the injection 336 volume used was 5 µL. The temperature of the autosampler tray was set to 8°C.
337
Samples were run in triplicates. 
